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Abstract. Results of study of anomaly behavior of ampli-
tudes, phase velocities and gradients of ULF electromag-
netic disturbances (F = 0.002 – 0.5Hz) before and during a
seismic active period are presented. Investigations were car-
ried out in Japan (Izu and Chiba peninsulas) by two groups
of magnetic stations spaced apart at a distance ∼140km.
Every group (magnetic gradientometer) consists of three 3-
component high sensitive magnetic stations arranged in a tri-
angle and spaced apart at distance 4–7km. Kakioka mag-
netic station (>200km to the North from Izu) was used as
a reference point. Available data (only night-time intervals
00:00–07:00LT) were preliminary ﬁltrated by narrow pass-
band ﬁlters (16 frequency bands – periods T = 2–512s).
The amplitude, gradient and phase velocity values and prob-
abilities of directions of gradient and phase velocity vectors
were constructed for the every frequency band. Apparent re-
sistivities of the Earth’s crust in the every frequency band
were calculated using the phase velocity values. It was found
that Z component amplitudes of the ULF magnetic distur-
bances increased at Izu peninsula 2–4 weeks before the seis-
mic active period and 2–4 days before the strongest seismic
shocks (M > 6). Ratio of Z component amplitudes of Kamo
(Izu)andKakiokadata(Zk/Zkk)increasedduring2–4weeks
before the seismic activity start (27 June 2000) and reached
a maximum just before a moment of the strongest seismic
shock (EQ with M = 6.4). The gradient and the phase ve-
locity values had an anomaly behavior during the same 2–4
weeks before the start of seismic active period. The gradient
vectors of the total horizontal component of the ULF mag-
netic pulsations were probably directed to the regions with
increased conductivity. New additional direction of the gra-
dient vectors appeared 2–3 weeks before the seismic activity
start – the direction to the seismic active area which appeared
due to a magma rising.
Correspondence to: Yu. A. Kopytenko
(galina@gh5667.spb.edu)
1 Introduction
In previous works it was found that two kinds of ULF EM
disturbances connected with EQ origin zone: (1) a direct ra-
diation from EQ origin zone (Kopytenko et al., 1990, 1993;
Fraser-Smith et al., 1990; Bernardy, et al., 1991; Molchanov
et al., 1992; Ismaguilov et al., 2001) and (2) a changing of
electric conductivity inside and nearby the EQ hearth zone
leads to changing of amplitudes of reﬂected electromagnetic
waves generated by outer sources (Mogi, 1985; Kovtun,
1980; Gasanenko, 1963; Ismaguilov et al., 2001; Kopytenko
et al., 2002).
In this paper we continue to study an anomaly behavior of
amplitudes, gradients and phase velocities of ULF EM dis-
turbances before and during a seismic active period. Seismic
shocks started 27 June 2000 and lasted more then 4 months.
EQ epicenters were situated at a distance ∼70–90km to the
southeastfromIzupeninsula(Japan)underaseabottom. The
strongest seismic shock (M = 6.4) was observed 01 July
2000 at 16:01:56LT.
A method of constructing of the gradient and phase ve-
locity vectors along the Earth’s surface using three-point
measurements of the ULF magnetic ﬁeld variations was de-
scribed in (Kopytenko et al., 2000; Ismaguilov et al., 2001;
Kopytenko et al., 2002). The phase-gradient method gives
a possibility to ﬁnd a direction to the ULF EM ionosphere
and lithosphere sources and to determine a position of future
seismic activity regions, if the ULF EM disturbances are con-
nected with these regions. Three magnetic stations situated
one from the other at small distances are the ULF magnetic
radar.
2 Experiment
Measurements of ULF EM ﬁelds were performed by two
groups of magnetic stations spaced ∼140km apart. The ev-
ery group consists of three MVC-2DS high sensitive three-
component torsion magnetometers (Goto et al., 2002) with212 V. S. Ismaguilov et al.: Variations of phase velocity and gradient values
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Fig. 1. Positions of geoelectric anomalies around Izu peninsula
(Japan) deﬁned by the phase-gradient method. 1 – “seashore effect”
zone; 2, 3 – regions with increased conductivity where EQ had oc-
curred in recent years (gray stars – positions of strongest EQ); 4
– seismic activity region (black stars – positions of latest EQ with
M ≥ 6). Small black triangles – magnetic stations. Black arrows –
directions of gradients of ULF magnetic pulsations.
50 Hz sampling (Kamo – 12.5Hz) arranged in a triangle and
spaced ∼4–7km apart. GPS systems were used at every sta-
tion for data synchronization. One group of the magnetome-
ters was installed at Izu peninsula (Seikoshi, Mochikoshi and
Kamo), another one – at Chiba peninsula (Unobe, Kiyosumi
and Uchiura). Positions of the magnetic stations and epicen-
ters of the seismic shocks with magnitude M ≥ 6 are shown
at the Fig. 1. Black stars mark the epicenters. The strongest
shock (EQ) had the magnitude M = 6.4. The biggest black
star at the Fig. 1 marks this epicenter. The epicenter of this
EQ was situated at a depth ∼15km under a sea surface at a
distance ∼80km to the southeast from the magnetic stations
located at Izu peninsula and ∼140km to the southwest from
the magnetic stations located at Chiba peninsula.
3 Data processing and experimental results
Only nighttime intervals 00:00–07:00LT were used for data
processing because of too big man-made EM noise during
daytime at Japan territory. Available data were preliminary
ﬁltrated by narrow pass-band ﬁlters (17 frequency bands –
periods 2, 3, 4, 8, 12, 16, 24, 32, 48, 64, 96, 128, 192,
256, 384, 512s). High frequency of data acquisition and us-
ing of GPS receivers on the each of magnetic stations allow
building vectors of the gradient and the phase velocity of the
ULF geomagnetic disturbances (F = 0.002–1Hz) along the
Earth’s surface. The amplitude, gradient and the phase veloc-
ity values and probabilities of directions of gradient and ve-
locity vectors were constructed for the every frequency band.
For low-frequency waves (w < 1Hz) the wave equations,
obtained from the Maxwell equations, are reduced to the dif-
fusion equations (Semenov, 1968). For a harmonic source
(B ∼ e−iwt) the diffusion equations have a partial solution
for the magnetic ﬁeld variations (Jeffreys and Swirles, 1966)
in one-dimensional case (real part):
B = B0e−kx cos(wt − kx). (1)
Here k = 2π/λ = (wµ0/ρa)1/2, t – time, B0 – initial
amplitude, ρa – apparent resistivity. Let’s remark, that in
the low frequency limit the wave equation with a big accu-
racy has the same partial solution for the plane waves (Se-
menov, 1968). Therefore k has a wave vector sense, and λ is
a wavelength. At the diffusion approach we can speak about
amovingnon-uniformityofinductioncurrentshavingawave
character.
The phase velocity along the Earth’s surface of the pri-
mary EM wave falling down from the atmosphere is ≥c (the
light velocity) and a phase delay between two points at the
Earth’s surface is very close to 0. Therefore the phase delays
of the EM waves observed at the Earth’s surface are com-
pletely determined by the secondary EM waves reﬂected or
generated by the lithosphere sources (geoelectric anomalies
of conductivity situated in the Earth’s crust or sources con-
nected with the EQ preparation region) and propagated in the
Earth’s crust. From (1) it is possible to determine a velocity
of moving plane of a constant phase (the phase velocity V ph)
and the apparent resistivity ρa of the Earth media (integrated
value along the EM wave track):
V ph = w/k = (2ρaw/µ0)1/2 = (107ρa/T)1/2
ρa = 10−7V 2
phT. (2)
Here T = 1/f = 2π/w – period of oscillations, µ0 =
4π · 10−7N/A2 – absolute magnetic constant (we suppose
that relative magnetic constant µ = 1 in the Earth’s crust).
Therefore, if the phase velocity of the wave propagation in
the Earth’s crust is known, we can ﬁnd the apparent resistiv-
ity of the Earth’s crust along the way of the EM wave from a
lithosphere source to the Earth’s surface. We apply a statisti-
cal study and use mean values of the phase velocities calcu-
lated for some time interval.
An example of a time evolution of various parameters of
the geomagnetic pulsations with period T = 24s before
and during of the seismic active period is shown in Fig. 2.
Only nighttime intervals 00:00–07:00LT were used for data
processing. Points at the ﬁgure (panels b–h) are mean val-
ues calculated for these time intervals. To delete occasional
jumps in the results three-point running means were used for
curves represented in the Fig. 2. Vertical dotted lines at the
Fig. 2 mark the start of the seismic activity (27 June 2000)
and moments of the seismic shocks with magnitudes M > 6.
Magnitudes of the seismic shocks (vertical lines) are shown
according to JMA classiﬁcation at the panel a. The strongest
EQs happened on 2 July 2000 (M = 6.4), 09.07 (M = 6.1)
and on 15 July 2000 (M = 6.3).
Time evolutions of ratios of mean-square amplitudes of
the vertical (Z) and the total horizontal (G) component of
Kamo (k) and Kakioka (kk) data (T = 24s) are plotted atV. S. Ismaguilov et al.: Variations of phase velocity and gradient values 213
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Fig. 2. Variations of parameters of geomagnetic pulsations (T =
24s) during period 1 April – 25 July 2000 (nighttime intervals
00:00–07:00LT). Kakioka, Kamo, Seikoshi and Mochikoshi mag-
netic stations (Japan). (a) magnitudes of seismic shocks (vertical
lines) according to JMA classiﬁcation; (b) ratios of mean-square
amplitudes of the vertical (Z) and the total horizontal (G) compo-
nent of Kamo (K) and Kakioka (KK) data; (c) the phase velocities
calculated at Izu peninsula for the vertical (solid line) and the to-
tal horizontal (dotted line) component; (d) the gradients calculated
at Izu peninsula for the vertical (solid line) and the total horizontal
(dotted line) component; (e) Z/G ratios for Kamo (K) and Kakioka
(KK) data; (f) RMS values of amplitudes of the total horizontal
component for Kamo (K) and Kakioka (KK) data; (g) RMS values
of amplitudes of the vertical component for Kamo (K) and Kakioka
(KK) data; (h) the apparent resistivities calculated at Izu peninsula
from the phase velocity values for the vertical (dotted line) and the
total horizontal (solid line) components. All curves are 3-points
running means.
the panel (b) of the Fig. 2. It is clearly seen that the ra-
tio of Z magnetic component amplitudes of Kamo (Izu) and
Kakioka data (Zk/Zkk) increased during 2–3 weeks before
the seismic activity start (26 June 2000) and reached sec-
ond maximum 28–30 June 2000 just before the moment of
the strongest seismic shock (M = 6.4). It means that the
ULF pulsation amplitudes of Z component were anomaly
increased at Kamo magnetic station relatively Kakioka. This
effect ismoreclearlyseenfor thelongestULFpulsation peri-
ods 96–512s (not presented in this paper), moreover the sec-
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Fig. 3. Statistical distributions of gradient (left side) and phase ve-
locity (right side) vector directions of total horizontal component of
ULF geomagnetic disturbances 01.05 (dotted curves), 08.06 (thick
solid curves), and 10 July 2000 (thin solid curves) in period range
2–512s. Izu peninsula, Japan. 1–4 – directions to the anomaly re-
gions plotted in Fig. 1. Directions: 0◦ – to the North, 90◦ – to the
East, −90◦ – to the West, 180◦ and −180◦ – to the South.
ond maximum value exceeds a background level (deﬁned by
Zk/Zkk valuesof01.04and1May2000)in2–3times. There
is no noticeable effect in the total horizontal component ra-
tio Gk/Gkk. Some increasing of this ratio about 15–16 June
2000 is probably connected with the very strong magnetic
storm.
Values of the phase velocities calculated at Izu peninsula
using all three magnetic station data for the vertical (dotted
line) and the total horizontal (solid line) component are pre-
sented at the panel c of the Fig. 2. The phase velocity and
gradient vectors were calculated in according to (Kopytenko
et al., 2000; Ismaguilov et al., 2001; Kopytenko et al., 2002)
onlyforeventswhenacoefﬁcientofcorrelationbetweendata
of every couple of Izu magnetic stations exceeds a value 0.9.
We see from the Fig. 2 that the phase velocity of magnetic
pulsations in Z component slightly increased 2–4 weeks be-
fore the beginning of the seismic active period and then it de-
creased. We can observe minima of the phase velocity before
the seismic activity start and before the every strong EQ. The
phase velocity of the magnetic pulsations in the total hori-214 V. S. Ismaguilov et al.: Variations of phase velocity and gradient values
zontal component increased about two weeks before the start
of the seismic shocks. It had similar time evolution as the
phase velocity obtained for the vertical component.
The gradient values of ULF geomagnetic pulsations calcu-
lated at Izu peninsula for the vertical (dotted line) and the to-
tal horizontal (solid line) component are plotted at the panel
(d). Both curves have a similar time evolution. Increasing
of the gradients was observed 2–3 weeks before the seismic
shocks start. Second maximum occurred 4–5 days before
the strongest EQ. A sharp increasing about 15 July 2000 was
probably connected with the strong magnetic storm. Statis-
tical distributions of the gradient vector directions are repre-
sented in Fig. 3.
The traditional Z/G ratios for Kamo (K) and Kakioka
(KK) data submitted in the panel (e). There are some features
connected with the seismic activity in 24s geomagnetic pul-
sations. For the lower frequency band (T ∼ 100s) distinct
increasing of Z/G ratios 2–4 weeks before the seismic activ-
ity start were observed for this seismic event (Ismaguilov et
al., 2001; Kopytenko et al., 2002) and also for another seis-
mic events (Hayakawa et al., 1996a, b; Hattori et al., 2002).
AsharpdecreasingofZ/Gratiosabout15July2000isprob-
ably connected with the strong magnetic storm.
Time evolution of RMS values of amplitudes of the total
horizontal component for Kamo (K) and Kakioka (KK) data
and for the vertical component for Kamo (K) and Kakioka
(KK) data are represented at the panel (f) and (g). A sharp
distinction is seen in variations of Z component of Kamo
and Kakioka. We observe again the maximums 2–4 weeks
before the start of the seismic active period and 2–4 days
before the strongest EQ. A big increasing about 15 July 2000
was probably connected with the big magnetic storm.
The apparent resistivities calculated at Izu peninsula ac-
cording to Eq. (2) from the phase velocity values of the verti-
cal (V z, solid line) and the total horizontal (V g, dotted line)
components are shown at the panel (h) of the Fig. 2. The ap-
parent resistivity values calculated from V z values increased
3–4 weeks before the seismic activity start then they con-
stantly decreased. 2–4 days before the every strong seismic
shock we observe minimums of the apparent resistivity val-
ues. The apparent resistivities values calculated using V g
values had the same wavy character as the apparent resistiv-
ities calculated from V z values. The sharp increasing ob-
served about 15 July 2000 was probably connected with the
big magnetic storm.
4 Discussion and summary
In this work we demonstrate that many parameters of the
ULF geomagnetic pulsations (amplitudes, gradients and
phase velocities along the Earth’ surface) have an anomaly
behavior 2–4 weeks before the beginning of the seismic
activity and 2–4 days before the strongest seismic shocks.
Comparison of the Kamo and Kakioka data (Fig. 2) shows
that the magnetic devices installed at distance ∼80km from
the future seismic active area can record ULF magnetic dis-
turbances really connected with the seismic preparation re-
gion.
Estimations of the apparent resistivity values calculated
from the phase velocity values differ from the estimations
calculated from the impedance values. Magneto telluric
sounding method (MTS) uses the values of electric and mag-
netic horizontal components of the ULF EM pulsations and
gives the apparent resistivities integrated in the Earth’s me-
dia under a point of observation. The phase-gradient method
givestheapparentresistivitiesintegratedalongthewayofthe
EM waves propagated from the secondary sources situated
in the Earth’s crust. The new source can arise in the Earth’s
crust due to active tectonic movements or a magma rising
(Uyeda et al., 2002). During these processes a temperature
and conductivity of some region in the Earth’s crust around
the future EQ origin zone will increase (Bullard, 1967) and
conditions for reﬂecting of the EM waves penetrating in the
Earth’s crust from the atmosphere will improve.
Two circumstances lead to a big changing of the apparent
resistivity calculated from the phase velocity values. On the
one hand we can receive the changing of the apparent resis-
tivity because new ways of the EM wave propagation throw
the Earth’s crust arise. The new ways are in the Earth’s crust
with the resistivity that differs from the resistivity of the old
ways. On the second hand the value of the phase velocity of
the geomagnetic oscillations measured along the Earth’s sur-
face(weuseinEq.(2)justthesevalues)isconnectedwiththe
value of the phase velocity in the Earth’s crust by a formula
V surface = V Earth/sin(α), where α – angle of the wave ar-
rival to the surface from the lithosphere source counted from
a vertical. The new EM wave tracks lead to changing of
the angle α and accordingly to changing of the phase veloc-
ity and the apparent resistivity calculated using this method.
Therefore the phase-gradient method gives an opportunity to
determine a moment of arising or changing of the ULF EM
lithosphere source in a local anomaly zone.
In Fig. 3 statistical distributions of the gradient (left side)
and the phase velocity (right side) directions presented for
three days: 10.04 (bottom curves), 14.06 (middle curves),
and 14 July 2000 (upper curves) in the pulsation period range
2–512s. The gradient vectors were calculated using RMS
values and they are always directed to the sources. Ovals 1–
4 in Fig. 3 mark the directions to the regions with geoelectric
anomalies marked in Fig. 1 by the same symbols 1–4. It is
seen from the ﬁgure that 10 April 2000 (∼10 weeks before
the seismic activity start) and 14 July 2000 (during the seis-
mic activity) new directions of the gradient vectors arise –
the direction to the seismic active region where the anomaly
occurs. The anomaly of the conductivity appeared due to the
magma rising (Uyeda et al., 2002). The resistivity of the hot
magma is ∼500Ohm.m, but the granite electrical resistivity,
for instance, exceed 1000Ohm.m.
The phase-gradient method described in (Kopytenko et al.,
2000, 2002; Ismaguilov et al., 2001) is very sensitive to the
changing of properties of the lithosphere ULF sources.
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